Abstract-Operational transconductance amplifier and capacitor filters based on the leap-frog (LF) structure are studied from the viewpoint of multiple-loop feedback (MLF) and coefficient matching. The LF configuration is obtained from an MLF model, which has the minimum number of components and only grounded capacitors. Explicit and iterative design formulas are derived for the synthesis of arbitrary filter characteristics. All-pole filters are realized using the basic LF structure, and filters with arbitrary transmission zeros are synthesized by adding the input distributor or output summer.
has high-frequency parasitic effects. When the OTA parasitics are considered, in particular, the input capacitance in the differential applications, the FLF and IFLF configurations may suffer more serious performance degradation because of long feedback paths from the th node to the input node. Because each path is capacitive coupling, the effects on circuit poles and zeros appear at high frequencies. Obviously, the extent of those effects can be considered as proportional to the ratio of parasitic capacitance to circuit integrating capacitance. The LF structure is also advantageous over the cascade configuration [1] , [2] . Recent investigations have demonstrated that LF MLF OTA-C filters offer better passband magnitude sensitivity, maximum input voltage, and magnitude frequency response considering OTA nonideality effects over IFLF and cascade OTA-C filters [8] . In particular, the noise performance of the LF filters has been shown to be much better than that of the IFLF filters. Furthermore, promising results from recent research of use of the LF MLF OTA-C filters for read channel applications show that the LF MLF design method could be an attractive alternative to other methods [9] . However, the synthesis of the LF MLF structure is not as simple as the FLF and IFLF structures. While simple explicit formulas exist for the FLF [10] , [11] and IFLF [12] , [13] configurations that can be easily used [14] , an iterative process is required for LF synthesis. As well as general iterative equations, straightforward formulas for the most often used orders of filters should be derived for ready use.
The synthesis of LF OTA-C filters for realizations of both transmission poles and zeros can be conducted using the general MLF approach [2] , [6] , [7] . This synthesis method, however, is based on matrix manipulation and requires knowledge of the general MLF theory. In this paper, we present an alternative iterative approach for synthesis of LF MLF OTA-C filters based on coefficient matching.
II. ALL-POLE LF FEEDBACK OTA-C FILTERS

A. Formulation of Circuit Transfer Function
The general all-pole LF OTA-C filter configuration [2] , [6] is depicted in Fig. 1 . It has the minimum number of components and uses only grounded capacitors. With time constant , we can write the equations of the circuit as (1) where is the complex frequency, is the output voltage of the th integrator, and can be imagined as a voltage source inserted between the output of the th integrator and the noninverting terminal of the th OTA. Note that and can be viewed equivalently as the input voltage (to the noninverting terminal) of the th OTA. Introducing is mainly for the convenience of defining functions below and facilitating derivations in Section III. For noise analysis, are input-referral noise sources and functions are the intermediate functions [2] , [8] .
Defining the transfer function from the filter input to the output of integrator as (2) it can be shown from (1) that (3) (4) Note that (3) and (4) show that and can be obtained in an iterative way.
Defining the transfer function from the input of integrator to the filter output as (5) from (1) we can obtain (6) (7)
Again, note that and in (6) and (7) can be determined iteratively.
It can be shown that the and functions have the following relation: (8) For any order, using the iterative formulas in (3), we can obtain all associated numerator polynomials of the functions. For order and , it can be shown that
Also, using the iterative formulas in (6), we can obtain corresponding for order and , given as
(15) n (16) Note that the formulated numerator polynomials of the respective and functions are useful for filter sensitivity, maximum input voltage, and noise analysis [8] .
If is taken as the overall input and as the overall output, the overall transfer function can be obtained using either the or functions, given by (17) Using (4) and (7) 
B. Formulas for Determination of Parameter Values
To realize the general unity gain all-pole transfer function 
A. Functions and Formulas for Input Distributor Type
By adding the input distribution OTA network to the all-pole LF structure in Fig. 1 to produce zeros, the desired general transfer function in (27) can be realized:
The resultant general structure is shown in Fig. 2 .
Denoting and , the circuit equations can be written from where can be obtained from (6) iteratively and those for -have been given in Section II-A. Using (6) and (32), we can derive the numerators of the transfer functions and the corresponding design formulas to determine the distribution parameters when realizing the general function in (27) for -as
(38) Fig. 3 . Universal LF structure with output summation OTA network.
(39)
Note that the denominators of the corresponding transfer functions have already been derived in Section II-A and the design formulas for the pole parameters of the respective orders have also been given in (23)-(26).
B. Functions and Formulas for Output Summer Type
Similarly, by adding the output summation OTA network to the all-pole LF structure in Fig. 1 the general transfer function in (27) can be realized and the resulting circuit structure is shown in Fig. 3 . Defining , the circuit equations for the integrator OTAs can be written from Fig. 3 
IV. CONCLUSION
The synthesis of low-sensitivity LF MLF OTA-C filters based on coefficient matching has been presented. The filter structures are canonical, and every node has a grounded capacitor. All-pole filters are realized using the basic LF structure, and filters with arbitrary transmission zeros are synthesized using either input distribution or output summation OTA networks. The explicit and iterative design formulas derived (up to ) are simple and useful for quick design of LF-based all-pole and arbitrary transmission zero filters without the need for reformulation.
